Abstract-Chitosan-based sensor thin films were fabricated to detect trace amounts of lead ion using surface plasmon resonance (SPR) optical sensor. The gold surface used for SPR measurements was modified with chitosan and chitosan-tert-butylcalix 
atomic absorption spectroscopy [9] [10] [11] , inductively coupled plasma mass spectroscopy [12] [13] [14] , electrochemical impedance spectroscopy [15] , voltammetry [16] [17] [18] [19] and polarography [20] . However, these methods generally are expensive, complicated sample treatment and mostly take a long measuring period. Therefore, recent analytical interest has focused on developing optical sensors, which have the advantages of size, cost-effectiveness, simple preparation of sample, fast measurement capability and no necessity of reference solution [21] [22] [23] [24] [25] . Surface plasmon resonance (SPR) spectroscopy, one of the optical sensors, has been developed in various configurations and formats (e.g. prism, grating, waveguide and fibre-optic couplers) [26] for sensing a variety of target samples, including heavy metal ions [27] , [28] .
SPR is an optical process in which light satisfying a resonance condition excites a charge-density wave propagating along the interface between a metal and dielectric material by monochromatic and p-polarized light beam [29] . The intensity of the reflected light is reduced at a specific incident angle producing a sharp shadow due to the resonance energy occurs between the incident beam and surface plasmon wave. This phenomenon is called surface plasmon resonance. The first sensing application of SPR technique was reported by Liedberg et al. (1983) [30] . Since then, numerous SPR sensing structures for chemical and biochemical sensing have been receiving continuously growing attention from scientific community [31] [32] [33] . Since the past few years, the use of SPR as heavy ion metal sensor had been widely studied [34] [35] [36] [37] [38] [39] [40] [41] [42] .
Chitosan is one of the most available biopolymers in nature. It is derived from alkaline N-deacetylation of chitin, which is the major component of crustaceans shells. Chitosan is a linear copolymer of glucosamine and Nacetyl glucosamine linked by β-1,4 glucosidic bonds. This low cost material had been used for a wide range in absorption of metal ions and had been described as one of the suitable biopolymer for removal of metal ions [43] [44] [45] [46] [47] [48] [49] [50] [51] due to the presence of the amine functionality which confers both polyelectrolyte and chelate properties. Tert-butylcalix [4] arene-tetrakis(N,N-dimethylthioacetamide) (BCAT), one of the lead ionophore, is capable to provide a sensitive and selective determination of lead ion owing it posses sulfur donor atoms [52] , [53] . By binding the ionophore to a polymer, the lower detection limit of sensors can be improved [54] To the best of our knowledge, SPR has not been applied in sensing trace amount of lead ion in aqueous solutions. Furthermore, reports on the combination of chitosan-based thin films and the SPR technique are not common. Therefore in this study, the effect of chitosan and chitosan-BCAT films on the SPR signal after the addition of different concentrations of lead ion solutions was investigated. By using the chitosanbased thin films, the SPR technique has been characterized as a simple and reliable optical sensor for the detection of trace amount of lead ion in aqueous solution.
II. PRINCIPLES
The SPR is a charge-density oscillation that exists at the interface of two media with dielectric of opposite signs, i.e. a metal and a dielectric. The interaction between a light wave and a surface plasmon in the attenuated total reflection method can be described using the Fresnel theory [55] . In our SPR sensor, we used Kretchmann configuration where the metal layer (gold film) and sensor layer (chitosan or chitosan-BCAT film) are sandwiched between prism and dielectric medium (lead ion sample). Thus for this multilayer system, transfer matrix has been developed to represents the films [56] . In accordance with the boundary conditions for the electrical and magnetic fields at the interfaces between a multilayer of arbitrary number N of layers, the reflection coefficient can be expressed as:
where m i j are the transfer matrix elements. The transfer matrix is obtained from the relation between the electrical and magnetic fields in the first layer and the last layer. For example, the transfer matrix for single layer with the thickness d is given by
where γ 1 is
(n 1 is the refractive index of the layer, ε 0 and μ 0 are the permittivity and permeability respectively, of free space.) and δ is the phase shift due to the beam passing through a different layer, which can be expressed as:
The position of the angle θ t 1 is shown in Fig. 1 . For multilayer thin films of arbitrary number N of layers, the overall transfer matrix, M T of this system can be obtained by multiplying each matrix layer together:
where can also be represented in matrix form as follow:
For SPR Kretchmann configuration, the condition of resonance depends on the refractive index and the samples as follows: where θ R , n p , n 1 and n 2 are the resonance angle, the refractive index of the prism, gold layer and sample, respectively. Thus, the refractive index of the sample is
The reflectivity is R = rr * , where it is a function of the refractive index of the sample, the refractive index and thickness of both gold and sensor layers. The refractive index and resonance angle of the sample can be determined by minimizing the sum:
where θ i is the incident angle (refer Fig. 3 ) and R Exp and R Theory are the experimental and theoretical reflectivity, respectively. A simulation and fitting program has been developed using MATLAB software to perform the calculation, which its validity has been verified by reported previous studies [57] [58] [59] .
III. EXPERIMENTS

A. Preparation of Chemicals
All chemicals used were of analytical grade and deionized water was used throughout for solution preparation. Chitosan solution was prepared by dissolving 0.40 g of medium molecular weight chitosan (Sigma Aldrich, St. Louis, MO, USA) in 50 ml of 1 % acetic acid, 0.05 g of glutaraldehyde was added to the solution, and then the mixture was stirred thoroughly. A stock BCAT solution of 2.0 × 10 −3 g/ml or 0.20% (w/v) was prepared by dissolving 50 mg of BCAT (Fluka, Buchs, Switzerland) in 25 ml of deionized water. Immobilization of BCAT inside the chitosan thin film is done by mixing 5 ml of 2.0 × 10 −3 g/ml BCAT with 45 ml of 1% chitosan solution. Working standard solutions of Pb 2+ were prepared by appropriate dilution of the 1000 ppm standard solution before used. Experimental setup for angle scan surface plasmon resonance technique. Fig. 3 . Structure of the cell for SPR measurement.
B. Preparation of Sensor Thin Films
Glass cover slips (24 × 24 × 0.1 mm 3 , Menzel-Glaser, Germany) were first deposited with a 50 nm gold (Au) layer using an SC7640 Sputter Coater. The chitosan and chitosan-BCAT solutions were spin coated separately at 6000 rpm for 30 s using Spin Coating System, P-6708D to produce chitosan and chitosan-BCAT thin films on the top of the gold layer [58] [59] [60] .
C. SPR System
The SPR measurements were carried out for the in situ analysis of the chitosan-based thin films using a custom-built instrument. The schematic diagram of SPR instrument setup used in this work is shown in Fig. 2 . A 5 mW He-Ne laser (λ = 632.8 nm) was p-polarized and directed to a prism (n = 1.77861), with a glass cover slip, which coated with Au, Au/chitosan or Au/chitosan-BCAT films, attached onto one side of the prism. A cell was constructed and attached to the Au, Au/chitosan or Au/chitosan-BCAT surface to hold the lead ion solution, as shown in Fig. 3 . The cell had an O-ring in the middle through which the laser light contacted to the solution. The prism and the cell were mounted on a rotating plate to control the angle of the incident light. The reflected beam was detected by a sensitive photodiode and then processed by the lock-in-amplifier (SR 530). 
IV. RESULTS AND DISCUSSIONS
A. Optical Properties of Chitosan-Based Sensor Thin Films
Firstly, the SPR experiment was carried out for Au film, Au/chitosan film and Au/chitosan-BCAT film in contact with deionized water (DW). The surface plasmon resonance (SPR) reflectivity curves for the systems of glass/Au/DW, glass/Au/chitosan/DW and glass/Au/chitosan-BCAT/DW are shown in Fig. 4 . The formation of a thin film of chitosan or chitosan-BCAT on the Au surface led to an increase of the resonance angle, where the resonance angle shifted to the right. The resonance angle for chitosan and chitosan-BCAT thin films was similar, i.e. 57.249°. On the other hand, the dip widths of the curves for both chitosan and chitosan-BCAT films were larger than the bare Au film.
The thickness and the both real and imaginary parts of the refractive index of films were successfully obtained by nonlinear least square fitting using Fresnel equation for multilayer system. The optical constant for chitosan and chitosan-BCAT films was 1.540 + 0.015i and 1.539 + 0.014i , respectively. The thickness of the thin films was 14 nm [57] . When a stable baseline of resonance angle was obtained for chitosan and chitosan-BCAT films, the surface of the films were ready for binding tests for lead ion samples.
B. Binding of Lead Ion to Chitosan Film
The SPR experiment was carried out for different concentrations of lead ion in aqueous solution, which were injected one after another into the cell to attach with the chitosan film. The resonance angle for all concentrations of lead ion was monitored to detect any binding interactions. The change in resonance angle ( θ ) for each lead ion concentration was determined based on the resonance angle of the sample (after the ion binding event) and the deionized water baselines before running sample over a time duration. The time dependence of the change in resonance angle for different concentrations of lead ion binding on chitosan film is shown in Fig. 5 . It can be observed that the θ increased over time for each sample, and reached a constant value (after 2 minutes). By using this chitosan film, the detection limit of lead ion for this chitosan thin film is 0.5 ppm. This result shows that there is a chemical binding between lead ions in aqueous solution with the chitosan thin film. Chitosan has high adsorption capacity for metal ions [61] . When lead ion is attached to the chitosan layer, the lead ion may interact with the chitosan layer due to the formation of a pair of shared electron between the positive charge of lead ion and the negative charge from the amine functional group in chitosan.
C. Sensitivity Enhancement Using BCAT
Tert-butylcalix [4] arene-tetrakis(N,N-dimethylthioacetamide) (BCAT) was used to prepare the chitosan-BCAT film to function as a sensitivity enhancement agent for lead ion detection. Similarly, different concentrations of lead ion in aqueous solution were injected into the cell to attach with the chitosan-BCAT film. Fig. 6 shows the time dependence of the change in resonance angle for different concentrations of lead ion binding on chitosan-BCAT film. This sensograms revealed the similar increasing trend for each sample as the chitosan film, i.e. the θ increased over time and reached a constant value after about 2 minutes. However, the chitosan-BCAT showed the higher value of θ compared to the chitosan film for each concentration, indicating a higher sensitivity of chitosan to lead ion in the presence of BCAT. This can be explained where the BCAT contains sulfur donor atoms has strong affinity towards lead ion [62] , [63] . Consequently, the detection limit of lead ion has been improved to as low as 0.03 ppm by using chitosan-BCAT film.
We strongly believe that chitosan-based thin film (chitosan or chitosan-BCAT) plays an important role in the detection of lead ion. This has been proved by a control SPR experiment for the different concentrations of lead ion in contact with bare Au surface. The results of the control experiment revealed that there were no changes in the resonance angle ( θ = 0), which can be proved that the chitosan-based thin film was necessary to react with the lead ion.
D. Sensitivity of Chitosan-Based Sensor Thin Films
In order to show the sensitivity of the chitosan and chitosan-BCAT films for lead ion, standard calibration curves were plotted for sensors as shown in Fig. 7 . All the values of θ were taken from the constant value of each binding curves. The figure clearly shows the sensitivity of the chitosan film to lead ion, and its sensitivity enhancement in the presence of BCAT, in comparison with the bare Au film. Linear regression analysis for the sensors produced the values of the slope of 0.045°ppm −1 and 0.014°ppm −1 for chitosan and chitosan-BCAT films, respectively, with all correlation coeffiecient R 2 greater than 0.99. The results revealed good linearity for the relationship between the change in resonance angle and concentration of lead ion. The slope of the linearly fitted line for chitosan-BCAT sensor is approximately 3 times greater than that for the chitosan sensor without BCAT, which once again proved the sensitivity enhancement by BCAT.
V. CONCLUSION
In this work, the utilization of chitosan-based thin films in surface plasmon resonance (SPR) has been studied for detection of trace amount of lead ion in aqueous solution. The binding interactions of different concentrations of lead ion with chitosan and chitosan-BCAT thin films on them gold surface were monitored using SPR optical sensor. For both thin films, the change in resonance angle ( θ ) is directly proportional to the concentration of lead ion solution. The sensitivity of the chitosan film and chitosan-BCAT film were 0.045°ppm −1 and 0.014°ppm −1 respectively. The higher sensitivity of chitosan-BCAT sensor can be attributed to the specific binding of BCAT with lead ion. BCAT has enhanced the sensitivity and improved the detection limit down to 0.03 ppm.
